Abstract: Modulation of macrophage polarization and prevention of CCL2-induced macrophage chemotaxis are emerging strategies to reduce wear particle induced osteolysis and aseptic total joint replacement loosening. In this study, the effect of continuous IL-4 delivery or bioactive implant coating that constitutively releases a protein inhibitor of CCL2 signaling (7ND) on particle induced osteolysis were studied in the murine continuous femoral intramedullary particle infusion model. Polyethylene particles with or without IL-4 were infused into mouse distal femurs implanted with hollow titanium rods using subcutaneous infusion pumps. In another experimental group, particles were infused into the femur through a 7ND coated rod. After 4 weeks, fixation of the implant was assessed using a pullout test. The volume of trabecular bone and the geometry of the local cortical bone were assessed by mCT and the corresponding structural properties of the cortical bone determined by torsional testing. Continuous IL-4 delivery led to increased trabecular bone volume as well as enhanced local bone geometry and structural properties, while 7ND implant coating did not have effect on these parameters. The results suggest that local IL-4 treatment is a promising strategy to mitigate wear particle induced osteolysis. V C 2016 Wiley Periodicals, Inc. J Biomed Mater Res Part A:
INTRODUCTION
Aseptic loosening remains one of the main long-term complications of total joint replacement (TJR) surgery. Peri-implant osteolysis and subsequent loosening of TJRs are driven by macrophage-mediated inflammation to implant-derived ultra-high molecular weight polyethylene (UHMWPE) and other biomaterial wear particles. 1,2 Wear particle-activated macrophages secrete chemokines and proinflammatory cytokines that lead to further macrophage recruitment, increased osteoclastogenesis, and suppression of osteoblast function. 3, 4 Together these changes create a microenvironment that favors bone resorption over formation, ultimately leading to periprosthetic osteolysis. Currently, no pharmacological therapies have been successfully used clinically to mitigate this process; the only treatment available for the advanced cases is revision surgery. However, novel treatment options targeting the inflammatory pathways and, in particular, the particle-induced macrophage activation and macrophage homing to the area of inflammation are emerging. 5 One such strategy to limit wear particle induced osteolysis is the local modulation of macrophage polarization. Macrophages are a dynamic population of cells that can assume multiple functional phenotypes as guided by the local microenvironment; inflammatory M1 macrophages, induced by lipopolysaccharide (LPS) and/or interferon gamma (IFN-g), and tissue regenerative M2 macrophages induced by interleukin-4 (IL-4) represent the extremes of this macrophage activation continuum. 6, 7 Biomaterial wear particles activate macrophages into inflammatory, M1-like, phenotype characterized by production of proinflammatory cytokines and chemokines. In contrast, several studies have shown that induction of M2 macrophage polarization by IL-4 prevents biomaterial particle-induced macrophage activation and inflammation in vitro. [8] [9] [10] Corresponding results were reported using a mouse calvarial model in which local IL-4 injections significantly reduced UHMWPE particleinduced inflammation and osteolysis by modulating local macrophage phenotype. 11 Among the inflammatory chemokines that wear debrisactivated macrophages produce, the role of CCL2 (Monocyte Chemoattractant Protein-1, MCP-1) is especially well established. 12 Indeed retrieval studies have shown that the periimplant tissue expresses high levels of CCL2, which has been shown to play a central role in the systemic recruitment of macrophages to the area of particle induced inflammation in vitro and in vivo. [13] [14] [15] Furthermore, blockade of CCL2 signaling with specific antibody reduced both systemic macrophage homing and local osteolysis in the murine continuous femoral intramedullary particle infusion model. 14 Reducing macrophage homing to the peri-implant tissue by preventing the action of CCL2 thus constitutes another emerging approach to limit particle induced osteolysis.
CCL2 signals through C-C chemokine receptors 2 and 4 (CCR2/CCR4) expressed on monocyte/macrophages. 7ND is a mutant version of CCL2 protein that lacks the amino acids 2 through 8 from its N-terminal end and has been shown to function as an inhibitor of CCL2 signaling. [16] [17] [18] Recently it has been shown that 7ND prevents not only particleinduced macrophage chemotaxis but also particle-induced inflammation in vitro. 19 Similar results were obtained using the mouse calvarial model in which local injections of 7ND effectively mitigated particle induced osteolysis. 20 Based on these results a biodegradable surface coating that constitutively releases biologically active 7ND was recently developed to prevent particle-induced osteolysis. 21 In this study, the murine continuous femoral intramedullary particle infusion model 14, [22] [23] [24] was used to explore the effect of local IL-4 delivery or 7ND releasing implant coating on the implant fixation and the structural properties of the surrounding bone. It was hypothesized that these treatments would prevent particle-induced osteolysis leading to improved implant fixation and enhancement of the structural properties of the local bone.
METHODS

7ND-releasing surface coating
Titanium rods were coated with a biodegradable, 7ND-releasing coating following a previously established layerby-layer (LBL) method. 21 Briefly, end-modified poly(b-amino ester) (C32-130) was synthesized as previously described, suspended in phosphate buffered saline (PBS) at 10 mg mL 21 and used as the positively charged polyelectrolyte. Mouse model of wear particle induced osteolysis and experimental groups The murine continuous femoral intramedullary particle infusion model was performed as previously described. 14, 23, 24 The study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Administrative Panel on Laboratory Animal Care (APLAC) at Stanford University. Briefly, the right distal femur of 48, 10-to 12-week-old male BALB/ cByJ mice (The Jackson Laboratory, Bar Harbor, ME) under isoflurane inhalation anesthesia was exposed by performing a lateral parapatellar arthrotomy. An axial drill-hole was created though the intercondylar notch to access medullary cavity using a series of needles and the titanium rod, with or without 7ND-releasing coating, was subsequently pressfit into the distal femur at mean depth of 3 mm [ Fig.  1 (a,b)]. Osmotic pumps were then implanted in the subcutaneous tissue on the left-dorsal side of the mouse and a subcutaneous tunnel reaching the right knee was created to connect the tubing to the implanted rod. Four experimental groups were defined, each with 12 mice randomly assigned to the groups: (1) Pumps with carrier solution, uncoated rod; (2) pumps with UHMWPE particles, uncoated rod; (3) pumps with UHMWPE particles, 7-ND releasing rod; (4) Pumps with UHMWPE particles and IL-4, uncoated rod. Skin incisions were closed with 5-0 Ethilon sutures and repeated subcutaneous buprenorphine injections were used in the postoperative analgesia. Mice were individually housed at Stanford University animal housing facilities in a temperature-controlled environment on a 12-h light-dark cycle. Food and water were provided ad libitum. Four weeks after the surgery mice were euthanized, the left and right femora were collected and stored in 2808C. On the day of testing, specimens were thawed in PBS and kept moist throughout the imaging and testing. The mechanical testing and imaging was performed during one day to eliminate potential effects of freeze-thaw cycles.
Implant pullout test
Pullout testing was performed on a Model 5944 Materials Testing System using a 100 N load cell (Instron Corporation, Norwood, MA). Prior to testing, digital calipers were used to measure the length of the rod protruding from the distal end of the femur. Each specimen was mounted to the testing machine by placing the exposed rod through a hole in a loading platform with the condyles pressed against the underside of the platform. The platform was secured to a three-axis tilting vise mounted to an xy stage. The position and angular alignment of the platform was adjusted in order to make the titanium rod coaxial with the test machine pull axis. The exposed rod was then secured in a drill chuck attached in-line with a universal joint to the test machine actuator. The universal joint aided in specimen alignment and reduced off axis loading [ Fig. 2(a) ]. Following preloading to 1 N, the rod was pulled a rate of 1 mm min 21 until failure. 25 Force and displacement were recorded at 100
Hz. Embedded surface area (SA) was determined by multiplying the embedded rod length by the rod circumference.
Interfacial shear strength was defined as the maximum pullout force divided by SA. Apparent shear stiffness was defined as the slope of the linear portion of the shear stress versus displacement curve. Displacement calculations were adjusted to account for the test set-up compliance. Following rod removal via pullout testing, the proximal and distal ends of the femur were potted in polymethylmethacrylate (PMMA) and secured in a radiolucent Delrin blocks. A custom fixture was used to center the femur in the potting blocks and ensure proper diaphyseal axis alignment. The contralateral (left) femurs were potted using the same procedure.
mCT and image analysis All femurs were imaged with an eXplore Locus RS150 MicroCT (GE Healthcare, Fairfield,CT). The 49 mm scans were performed with 120 kVp, two frames per view, 3608 rotation, and 2 3 2 binning. Specimens were submerged in PBS during imaging. Images were calibrated against a calibration phantom of known densities (water, air, and hydroxyapatite) and initially analyzed in GEMS MicroView software. A custom MATLAB program was then used to segment the images and determine cross-sectional properties. Segmentation was accomplished using the half maximum height method. 26 The cortical area, polar moment of inertia (J), and the maximum and minimum principal bending moments of inertia (Imax, Imin) were determined from transverse plane images 3, 4, 5 and 6 mm from the distal end of the femurs [ Fig. 1(c) ]. The mechanically weakest bone-cross section was also defined from the transverse plane images of the whole femurs. Trabecular bone volume fraction was calculated using the inner boundary of cortical bone determined from image segmentation and by taking the ratio of trabecular bone volume to the total intramedullary volume in the region from 4 to 5 mm from the distal end of the femurs.
Torsion test
Torsional testing was conducted on an ElectroPuls E10000 Materials Testing System (Instron Corporation) equipped with a 0.2 Nm capacity torque transducer (Interface, Scottsdale, AZ) [ Fig. 2(b) ]. Gage length, defined as the length of the unpotted bone, was recorded with digital calipers. Specimens were preloaded to 1 Nmm and then rotated at a rate of 1 deg s 21 internal rotation about the diaphyseal axis of the bone until failure. 27 Torque and angular displacement were recorded at 100 Hz. Rotation measurements were adjusted to account for test set-up compliance. Angular displacement was divided by specimen gage length to obtain specimen twist (rad/mm). Torque versus twist was plotted for further analysis. Outcome measures included maximum torque and torsional rigidity (defined as the slope of the linear portion of the torque vs. twist curve). Failure location and mode were documented for each specimen.
Statistical analysis
Mice that showed abnormal weight loss during the experiment, with misaligned rods or missing data due to suboptimal mCT image quality or missing left side comparison data were excluded from the analysis. Grubbs' tests (a 5 0.05) were used to detect further outliers with the final sample size being 7 to 11 mice per group. Statistical analyses were conducted using Graphpad Prism version 6.03 (GraphPad Software, La Jolla, CA). ANOVA with Tukey's post-hoc tests were used for the statistical comparison of the experimental groups. All data except the rod pull-out results (shear strength, apparent shear stiffness) are presented as normalized values (ratio of right femur to left femur) in order to account for variations between animals. Values are presented as mean 6 standard error of mean.
RESULTS
mCT and local bone geometry The continuous infusion of the UHMWPE particles caused local trabecular bone loss evident on mCT as reduced trabecular bone volume fraction 4 to 5 mm from the distal end of the femur (Fig. 3) . In contrast, wear particle infusion did not have a clear impact on the area of cortical bone or the bone geometry (I max , I min , and J) as compared to the control group at the investigated regions of interest (Fig. 4) . The 7ND releasing implant coating was not effective in preventing the particleinduced trabecular bone loss nor did it significantly alter the cortical area or bone geometry at the investigated regions of interest (Figs. 3 and 4) . In contrast, continuous IL-4 delivery with the UHMWPE particles led both to prevention of particle induced trabecular bone loss and local increase in the cortical bone area with corresponding improvement in the bone geometry 4 and 5 mm from the distal end of the bone (Figs. 3  and 4) . The mechanically weakest cross-section of all the femurs was located within the proximal third of the femur at 7 mm from the distal end of the bone, and was not affected by the treatments (not shown).
Implant pullout
The continuous delivery of the UHMWPE particles via the hollow titanium rod did not significantly impact shear strength or apparent shear stiffness of the bone-implant interface, compared to controls without particles (Fig. 5 ).
The implants with 7ND releasing surface coating showed a trend for reduced shear strength whereas continuous IL-4 delivery did not have an impact on the pullout parameters of the implant (Fig. 5) .
Torsion test
The continuous delivery of the UHMWPE particles did not significantly alter the structural properties of the femur subjected to torsional stress, as maximum torque and torsional rigidity remained unaltered compared to the controls (Fig. 6) . Similarly, the 7ND coating did not have a clear impact on the bone structural properties. In contrast, continuous IL-4 delivery led to slight increase in the torsional rigidity while maximum torque remained unaltered. All of the femora failed in a spiral fracture pattern at the mid diaphysis corresponding to the area of the mechanically weakest cross-section identified in the mCT analysis 
DISCUSSION
In this study the effect of two emerging strategies to limit wear particle-induced osteolysis, namely continuous IL-4 delivery and 7ND releasing biodegradable surface coating, on implant fixation, bone geometry and the structural properties of the surrounding bone were investigated in a previously established murine continuous femoral intramedullary particle infusion model. Implant fixation was assessed by implant pullout testing with the calculation of shear strength and apparent shear stiffness. The volume fraction of the local trabecular bone and the geometry of the local cortical bone were assessed by mCT imaging with the following variables determined from the transverse plane images: cortical area, maximum and minimum principal bending moments of inertia (I max , I min ) and polar moment of inertia (J). These variables reflect cortical bone's resistance to axial, bending, and torsional stresses, respectively. Although it is not strictly valid for noncircular cross sections, the polar moment of inertia serves as an estimation of torsional stiffness. Finally, the effects of the different treatments on the structural properties of the femora were determined by torsional testing to failure with the determination of maximum torque and torsional rigidity. The continuous infusion of UHMWPE particles led to local trabecular bone loss although the differences between the groups did not reach statistical significance most likely due to relatively small sample size and unexpectedly high variation between the samples. Wear particles did not have a clear impact on the total area or the geometry of cortical bone at the investigated regions of interest. As the cortical bone carries most the torsional load it can be speculated that also the structural properties of the femora remained unaffected. Indeed, in the torsional test, maximum torque, and torsional rigidity of the particle treated femora were similar to the controls. Previous studies utilizing this model system have reported particle-induced ostolysis evident in mCT as a reduction of the overall bone volume fraction and/ or mineral density in the distal femur. 14, 23, 24 These studies have not, however, compared the effect of the continuous particle delivery on the local trabecular and cortical bone. Indeed, the current study found that particle-induced osteolysis in this model occurs mainly in the metaphyseal trabecular bone with little impact on the cortical bone or overall mechanical stability of the femur that would become evident in the torsional test. The 7ND releasing implant coating was not effective in preventing particle-induced trabecular bone loss 4 to 5 mm from the distal end of the femur. Likewise it did not alter the area of the cortical bone or the bone geometry at the investigated regions of interest, nor did it affect the corresponding bone structural properties. This might be due to the highly localized release of the 7ND limiting the effect of the drug to the immediate surroundings of the implant.
In contrast, continuous IL-4 delivery with UHMWPE particles led both to prevention of particle induced trabecular bone loss and local increase in the cortical bone area with corresponding improvement in the bone geometry. The effect was evident at 4 and 5 mm from the distal end of the femur corresponding to the immediate site of IL-4 delivery but did not extend more proximally to the region of interest defined as 6 mm from the distal end of the femur. This localized effect might suggest dilution and/or metabolism of the continuously delivered IL-4 limiting the extent of its biological effects.
The improvement of local bone geometry by IL-4 delivery was reflected by increase in the torsional rigidity, while the maximum torque remained unaffected. This can be FIGURE 5 . Implant fixation as determined by pullout test. UHMWPE particles with or without IL-4 or 7ND releasing implant surface coating were infused into murine distal femurs through a hollow titanium rod. After 4 weeks the fixation of the implant was assessed by pullout test and shear strength and apparent shear stiffness determined. p < 0.08. FIGURE 6. Bone structural properties as determined by torsion test. UHMWPE particles with or without IL-4 or 7ND releasing implant surface coating were infused into murine distal femurs through a hollow titanium rod. After 4 weeks the rod was removed with pullout test and the structural properties of the surrounding bone determined by torsion test. Normalized values of maximum torque before failure and torsional rigidity were determined. *p < 0.05. explained by the fact that maximum torque to failure is determined by the cross-section of the femur with the least torsional resistance while torsional rigidity is influenced by the cross sectional variations along the entire length of the bone. In all of the treatment groups the cross-section of the femur with the least torsional resistance and, therefore, the expected breaking point of the bone was located 7 mm from the distal end of the femur. Thus all the femora placed under torsional stress failed at the same location with the same maximum torque. In contrast, continuous IL-4 delivery led to local increase in the cortical area and polar moment of inertia at the distal femur that was visible in the torsion test as an increased torsional rigidity.
The exact mechanism by which continuous IL-4 delivery together with UHMWPE wear particles led to the prevention of particle-induced trabecular bone loss and local increase in the cortical area with improvement in the bone geometry remains unknown. It is tempting to speculate, however, that continuous IL-4 delivery led to local M2 macrophage polarization with reduced inflammatory response toward wear particles. 22, 28 In addition to regulating macrophage phenotype it is well recognized that IL-4 inhibits osteoclast formation and function. 29 In contrast, the effects of IL-4 on bone forming cells including mesenchymal stem cells, osteoprogenitor cells, and osteoblasts are more controversial. 30, 31 Implant fixation to surrounding bone was as assessed by pullout test. The continuous infusion of UHMWPE particles with or without IL-4 did not have a clear impact on the implant fixation possibly because both the particles and IL-4 were delivered through the hollow titanium rod to its proximal end rather than directly to the bone-implant interface. Somewhat unexpectedly the 7ND releasing coating failed to improve implant fixation. At present the reason for this observation remains unknown but reduced friction at the interface due to the surface treatment might be one explanation for the phenomenon. Alternatively it is possible that similar to fracture healing, the initial inflammatory reaction and macrophage influx are necessary for optimal bone-implant integration and that inhibiting these processes is, in fact, detrimental to subsequent implant fixation. 32 Previously the murine continuous femoral intramedullary particle infusion model has been used to study the local and systemic inflammation reaction and cell biology of the wear particle-induced osteolysis, including the systemic homing of macrophages and mesenchymal stem cells to the area of particle induced inflammation. 14, 23, 24, 33 The aim of the current study was to extent the utility of the system to include biomechanical testing of the bone structure and implant fixation. The mechanical testing devices and protocols established for the current study will be further developed in the subsequent studies to address for the limitations encountered. For example it was unexpected that the potential effect of the particles and the treatments on the local bone mechanical properties would be masked by the fact that the weakest cross-section of the femurs and thus the expected breaking point would be at the proximal diaphysis even after the continuous infusion of wear particles to the distal femur. In future studies the assessment of the potential effect that wear particles and/or treatments have on the mechanical properties of the local bone should be focused on immediate area of particle delivery, rather than the whole length of the bone. Additionally, to better assess the effect of the particle and/or IL-4 delivery on the fixation of the implant, rods with radially directed holes may be considered to increase particle and/or IL-4 delivery directly to the implant surface.
In summary, out of the two tested strategies to prevent wear particle-induced osteolysis, the 7ND releasing implant coating did not mitigate particle-induced bone loss or improve bone structural properties. In contrast, continuous local IL-4 delivery was an effective means to prevent particle-induced bone loss and enhance bone structural properties in the context of wear particle-induced inflammation. The results suggest that local IL-4 treatment is a promising strategy to mitigate wear particle-induced inflammation and osteolysis while 7ND releasing implant coating requires further development.
